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The posttranscriptional regulatory element (PRE) of hepatitis B virus is an RNA element important for the export of viral
mRNA from the nucleus to the cytoplasm. The cellular export pathway utilized by the PRE is controversial. We present data
showing that PRE-dependent export is blocked by vesicular stomatitis virus matrix protein, an inhibitor of all cellular RNA
export other than tRNA export. It is also blocked by a mutated form of Ran-binding protein 1, which blocks export mediated
by the human immunodeficiency virus Rev and Rev-response element (RRE) but not export mediated by the simian retrovirus
constitutive transport element (CTE). On the other hand, PRE-dependent export is not blocked by either TAgRex or leptomycin
B, two agents that prevent Rev/RRE-mediated export. Therefore, PRE appears to utilize an export pathway different from that
of Rev/RRE or CTE. © 1999 Academic Press
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iViruses that undergo reverse transcription during their
eplicative cycle need to synthesize an unspliced mRNA
s the template for reverse transcription into progeny
NA. Yet in higher eucaryotic cells, splicing and RNA
xport out of the nucleus are intimately linked processes,
nd unspliced or incompletely spliced pre-mRNAs are
requently retained in the nucleus and rapidly degraded
reviewed by Izaurralde and Mattaj, 1995; Nakielny et al.,
997). To avoid this problem, complex retroviruses such
s human immunodeficiency virus type 1 (HIV-1) contain
cis-acting RNA element that allows export despite
ncomplete splicing. This element, known as the Rev-
esponse element (RRE) for HIV-1, binds a viral trans-
cting protein (Rev) that interacts with cellular proteins
reviewed by Cullen, 1998; Hope, 1997). At least some
imple retroviruses, such as the simian type D retrovi-
uses (including the Mason–Pfizer monkey virus), also
ontain cis-acting RNA export elements (constitutive
ransport elements or CTE) that can partially substitute
or the RRE in HIV-1 replication (Bray et al., 1994; Zolo-
ukhin et al., 1994). A similar element (posttranscriptional
egulatory element or PRE) is present in hepatitis B virus
HBV) (Donello et al., 1996; Huang and Liang, 1993;
uang and Yen, 1994, 1995), which is not a retrovirus but
ndergoes reverse transcription during replication (re-
iewed by Ganem, 1996). Unlike the RRE, the CTE and
RE are not known to require viral trans-acting proteins
ut instead appear to function by interacting directly with
1 To whom correspondence and reprint requests should be ad-a
ressed at Pathology 113B, 4150 Clement Street, San Francisco, CA
4121. Fax: (415) 750-6947. E-mail: yen.ti@sanfrancisco.va.gov.
299ellular export factors (Gruter et al., 1998; Huang et al.,
996; Pasquinelli et al., 1997; Tang et al., 1997).
HIV-1 Rev function has been extensively studied. It has
een shown to contain a short leucine-rich domain that
s necessary and sufficient to mediate export (Fischer et
l., 1995; Meyer et al., 1996; Wen et al., 1995). This
o-called leucine-rich nuclear export signal (NES) binds
o the cellular CRM1 protein (exportin 1), which in turn
inds to Ran, a small GTPase that shuttles between the
ucleus and the cytoplasm (Fornerod et al., 1997; Fukuda
t al., 1997; Neville et al., 1997; Ossareh-Nazari et al.,
997; Stade et al., 1997). Blocking the interaction of Rev
ith CRM1 by the antibiotic leptomycin B prevents Rev
xport (Fornerod et al., 1997; Fukuda et al., 1997; Os-
areh-Nazari et al., 1997; Stade et al., 1997; Wolff et al.,
997). Therefore, CRM1 appears to play a critical role in
ev/RRE-mediated export, although other cellular pro-
eins, such as Rab/Rip and eucaryotic initiation factor 5A,
robably also are important (Bogerd et al., 1995; Fritz et
l., 1995; Katahira et al., 1995; Stutz et al., 1995). In the
ninfected cell, the leucine-rich NES/CRM1 pathway ap-
ears to mediate the export of 5S rRNA, U snRNAs, and
ome cellular proteins, such as protein kinase A inhibitor
Fischer et al., 1995; Fridell et al., 1996; Fritz and Green,
996; Wen et al., 1995).
CTE and Rev/RRE do not compete for each other’s
xport in Xenopus oocytes, implying that the protein(s)
hat mediates CTE export does not utilize the Rev/RRE
athway (Pasquinelli et al., 1997; Saavedra et al., 1997).
his conclusion is in accord with the findings that mu-
ated forms of Ran-binding protein 1 and two nucleopor-
ns block Rev/RRE-mediated export but not CTE-medi-
ted export (Bogerd et al., 1998; Zolotukhin and Felber,
0042-6822/99 $30.00
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300 ZANG AND YEN997, 1999). However, Ran is nevertheless believed to be
nvolved in CTE-mediated export, since a dominant neg-
tive form of Ran blocks CTE export in Xenopus oocytes
Saavedra et al., 1997). Based on cross-competition stud-
es, it is likely that the CTE gains access to a late step in
cellular mRNA export pathway (Pasquinelli et al., 1997;
aavedra et al., 1997). Recently, two cellular proteins that
ind the CTE have been identified (Gruter et al., 1998;
ang et al., 1997), and one or both may be important for
TE function.
Even less is known about how the HBV PRE functions.
e have previously shown that glyceraldehyde-3-phos-
hate dehydrogenase (GAPDH) binds specifically to the
RE (Zang et al., 1998). Since GAPDH has been indirectly
mplicated in the export of tRNA (Singh and Green, 1993),
his result raised the possibility that the PRE and tRNA
ay utilize similar export pathways. However, there is no
vidence that GAPDH shuttles between the nucleus and
he cytoplasm and hence it is unlikely to be the primary
ffector of export.
It has also been suggested that the PRE may function
n a Rev-like manner, since it can partially substitute for
ev/RRE in a reporter gene assay and since protein
nhibitors of Rev export also were reported to block
RE-mediated export (Huang and Liang, 1993; Roth and
obbelstein, 1997). On the other hand, it has been re-
orted that leptomycin B (Nishi et al., 1994), a potent
nhibitor of the export of Rev and Rev-like molecules,
oes not block PRE function (Otero et al., 1998). Because
f this controversy, we have investigated this question
urther, by studying the effects of various export inhibi-
ors on PRE function and comparing them with their
ffects on Rev/RRE and CTE function.
RESULTS
Our assay utilizes transient transfection of HuH-7 hu-
an hepatoma cells with a reporter plasmid, pDM138,
hat contains the chloramphenicol acetyltransferase
CAT) gene driven by the SV40 enhancer/early promoter
courtesy of T. Parslow) (Hope et al., 1990). The CAT gene
s embedded in a poorly utilized intron of the HIV-1
enome. Thus, in the absence of any export elements,
ost of the unspliced, CAT-encoding transcripts remain
n the nucleus and become degraded. This retention
esults in a low CAT enzyme activity being expressed in
ells transfected with pDM138. If the RRE is inserted
ownstream of the CAT gene, CAT activity is activated
ore than 10-fold in a Rev-dependent manner (Hope et
l., 1990; Huang and Yen, 1995). Similarly, there is a 5- to
0-fold activation of CAT activity by the presence of either
he CTE or the PRE (Huang and Yen, 1995; Tang et al.,
997). When Northern blotting is performed, there is a
arallel increase in both nuclear and cytoplasmic accu-
ulation of the unspliced CAT RNA. These effects reflectoth intranuclear instability and lack of export of the rnspliced RNA in the absence of an active export ele-
ent (Donello et al., 1996; Huang and Yen, 1995; Otero et
l., 1998).
It has been shown that the vesicular stomatitis virus
atrix (M) protein blocks the export of all classes of
ellular RNAs examined, including mRNA, U snRNA, and
RNA, with the notable exception of tRNA (Her et al.,
997). Since GAPDH binds to both tRNA and PRE (Singh
nd Green, 1993; Zang et al., 1998), it is possible that PRE
ay utilize a tRNA-like export pathway. To examine this
ossibility, we cotransfected pDM138-PRE with a plas-
id that expresses the M protein (courtesy of D. Lyles)
Black et al., 1994). As negative control, we used the
ame expression plasmid driving the antisense M gene.
s seen in Fig. 1, CAT expression from this plasmid
ropped by 10-fold in the presence of M protein. Simi-
arly, M protein also decreased expression that depends
n Rev/RRE or CTE (Fig. 1), as expected from the fact that
S rRNA and mRNA export are both blocked by M protein
Her et al., 1997). Therefore, the PRE does not appear to
tilize the same export pathway as tRNA, which is not
ensitive to M protein.
Recently, Zolotukhin and Felber (1997) found that, via
n unknown mechanism, a mutant form of Ran-binding
rotein 1 with a nonfunctional NES blocks export medi-
ted by Rev/RRE but not by CTE. We cotransfected a
lasmid expressing this protein, NES(2)RanBP1 (cour-
esy of B. Felber), together with pDM138-PRE. As shown
n Fig. 1, NES(2)RanBP1 strongly inhibited PRE-depen-
ent CAT expression, even at very low amounts. It also
locked Rev/RRE-dependent expression but did not
lock CTE-dependent expression (Fig. 2), as expected
rom published results (Zolotukhin and Felber, 1997). This
FIG. 1. Effect of vesicular stomatitis virus M protein on CAT expres-
ion dependent on the PRE, CTE, or Rev/RRE. HuH-7 cells were trans-
ected with 5 mg of the CAT plasmid and 5 mg of either pSV2M(1) or
SV2M(2) (Black et al., 1994). The former expresses the M protein,
hile the latter transcribes an antisense M RNA. In the RRE experi-
ents, 3 mg of pDM121, which expresses Rev (Hope et al., 1990), was
lso included. After 2 days, the cells were harvested and analyzed. The
ata represent the means 6 standard deviation of the CAT activity in
he presence of M(1) divided by the activity in the presence of M(2)
rom three transfections.esult shows that the PRE utilizes a pathway different
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301HEPATITIS B VIRUS PRErom that of the CTE, but does not rule out the possibility
hat PRE may utilize the same pathway as Rev/RRE, i.e.,
leucine-rich NES-dependent pathway.
To explore further the possibility that PRE and Rev/RRE
tilize the same export pathway, we treated transfected
ells with leptomycin B (courtesy of M. Yoshida), which
locks the interaction of CRM1 with leucine-rich NES-
ontaining proteins such as Rev and hence prevents
heir export (Fornerod et al., 1997; Fukuda et al., 1997;
eville et al., 1997; Ossareh-Nazari et al., 1997; Stade et
l., 1997). Interestingly, leptomycin B had no negative
ffect on PRE-dependent CAT expression, but instead
aused a small increase (Fig. 3), similar to the findings of
tero et al. (1998). The drug was functional in our cells,
ince Rev/RRE-mediated expression was decreased in a
ose-dependent fashion (Fig. 3). Leptomycin B also had
o effect on CTE-dependent expression (Fig. 3), consis-
ent with previous papers showing that the CTE does not
epend on a leucine-rich NES for its function (Bogerd et
l., 1998; Gruter et al., 1998; Pasquinelli et al., 1997;
aavedra et al., 1997; Zolotukhin and Felber, 1999).
The leptomycin B studies strongly imply that the PRE
oes not utilize a leucine-rich NES-dependent export
athway. Yet previously published results showed that
ompetitive inhibitors of leucine-rich NES-dependent ex-
ort blocked PRE-mediated export (Roth and Dobbel-
tein, 1997). The best characterized inhibitor used was a
himeric protein between a fragment of the human T-cell
eukemia virus type I Rex protein and the SV40 T antigen
uclear localization signal (Katahira et al., 1995). This
FIG. 2. Effect of NES-mutated Ran-binding protein 1 [NES(2)
anBP1] on CAT expression dependent on the PRE, CTE, or Rev/RRE.
uH-7 cells were transfected with 3 mg of the indicated CAT reporter
lasmid. Each plate was also transfected with the indicated amount of
plasmid that expresses NES(2)RanBP1 (Zolotukhin and Felber, 1997).
ince the latter plasmid uses the HIV-1 promoter, 1 mg of a Tat-
xpression plasmid was also included (Zolotukhin and Felber, 1997).
he plasmid pUC19 was used to keep the total DNA amount constant.
n the RRE experiments, 3 mg of pDM121 to express Rev was also
ncluded. The results represent means 6 standard deviation from three
ransfections.rotein, called TAgRex, presumably blocks leucine-rich
m
rES-dependent export by competition for CRM1 binding,
ince Rex also contains a leucine-rich NES (Bogerd et
l., 1996). To reexamine this issue, we cotransfected
DM138-PRE with different amounts of a plasmid ex-
ressing TAgRex (courtesy of H. Shida) (Katahira et al.,
995). As shown in Fig. 4, in our hands TAgRex actually
ncreased PRE-dependent CAT expression. This in-
rease is probably a nonspecific effect of TAgRex, since
here is a similar increase in CTE-dependent and intron-
ependent CAT expression (Fig. 4). In contrast, TAgRex
arkedly decreased Rev/RRE-dependent expression
Fig. 4). Therefore, our studies utilizing two very different
nhibitors (leptomycin B and TAgRex) both indicate that
he PRE export pathway is different from the Rev/RRE
athway and does not involve leucine-rich NES-contain-
ng proteins.
FIG. 3. Effect of leptomycin B on CAT expression dependent on the
RE, CTE, or Rev/RRE. HuH-7 cells were transfected with 6 mg of the
AT expression plasmid. In the RRE experiments, 3 mg of pDM121 to
xpress Rev was also included. Twenty-four hours before the cells
ere harvested, the indicated amount of leptomycin B was added. The
esults represent means 6 standard deviation from three transfections.
FIG. 4. Effect of TAgRex on CAT expression dependent on the PRE,
TE, Rev/RRE, or an intron (pSV2CAT). HuH-7 cells were transfected
ith 3 mg of the CAT reporter plasmid and the indicated amount of the
AgRex-expressing plasmid (Katahira et al., 1995). The plasmid pUC19
as used to keep the total DNA amount constant. In the RRE experi-
ents, 3 mg of pDM121 to express Rev was also included. The resultsepresent means 6 standard deviation from three transfections.
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302 ZANG AND YENBecause the CAT assays performed above represent
n indirect measure of RNA levels, we also performed
orthern blotting for unspliced CAT RNA in the nucleus
nd cytoplasm of cells transfected with pDM138 or
DM138-PRE and treated with the various agents. As
een in Fig. 5, inclusion of the PRE resulted in an in-
rease in both nuclear and cytoplasmic unspliced CAT
NA levels (compare lanes 2 and 3), indicative of a
tabilization of nuclear RNA and increased export to the
ytoplasm, as expected from previous results (Donello et
l., 1996; Huang and Yen, 1995; Otero et al., 1998); note
hat the spliced RNA is not detected by the probe used.
he cotransfection of the plasmid expressing
ES(2)RanBP1 resulted in a decrease in both nuclear
nd cytoplasmic RNA (Fig. 5, lane 4). On the other hand,
eptomycin B and TAgRex actually increased CAT RNA
evels (Fig. 5, lanes 5 and 6, respectively). These
hanges in RNA levels correlate well with the CAT activ-
ty results shown in Figs. 2–4. It should be noted that the
RE fragment used by us (SphI to FspI fragment of HBV
train adw2) (Huang and Yen, 1995) does not overlap
ith the viral enhancer I, which is upstream of the SphI
ite (Guo et al., 1991). Therefore, the changes in RNA
evels cannot be attributed to unexpected effects of the
arious agents on CAT gene transcription.
DISCUSSION
Our data indicate that PRE-mediated export is strongly
nhibited by the vesicular stomatitis M protein and hence
s unlikely to use the tRNA export pathway. It also shows
FIG. 5. Effect of NES(2)RanBP1 (RBP), leptomycin B (LMB), and TAgR
evels. Cytoplasmic and nuclear RNA from HuH-7 cells transfected w
reatment, were assayed for CAT RNA by Northern blotting. The total a
ranscribed from pDM138-PRE is slightly larger than that transcribed from
s a weak cross-hybridizing band of cellular RNA (indicated by a squa
l., 1996; Otero et al., 1998). As an internal control, the same blot waspattern of sensitivity to various inhibitors that is differ- ent from that of either Rev/RRE or CTE-mediated export.
pecifically, leptomycin B and TAgRex both block Rev/
RE-mediated export but have no effect on the PRE. On
he other hand, nuclear-localized Ran-binding protein 1
locks Rev/RRE and PRE-mediated export but has no
ffect on the CTE. Therefore, it appears that the PRE
tilizes a pathway different from that of either Rev/RRE or
TE. Since Rev/RRE export depends on leucine-rich
ES–CRM1 interaction, it appears that the cellular export
actor(s) that binds to the PRE and effects its export does
ot contain a Rev-type NES. The CTE is thought to ac-
ess a cellular mRNA export pathway. The difference we
bserve between the PRE and the CTE suggests that
erhaps PRE-containing transcripts are not exported in
he same pathway as cellular mRNAs. On the other hand,
t is likely that there are multiple cellular mRNA export
athways, and thus the CTE and PRE may utilize different
ubsets of these pathways (Nakielny et al., 1997). There
re also other, less well defined export pathways in the
ell, e.g., for exporting ribosomal subunits and signal
ecognition particle RNA (He et al., 1994; Pokrywka and
oldfarb, 1995), and it is possible that the PRE may utilize
ne of these.
It is not clear why down-regulation of PRE-dependent
xport by TAgRex has been observed by another group.
he previous report utilized HeLa cells (Roth and Dob-
elstein, 1997), but we have repeated our experiment in
his cell line, with results similar to those shown in Fig. 4
data not shown). The reporter plasmid used was iden-
ical in both reports. On the other hand, the TAgRex
x) on PRE function, as assessed by cytoplasmic and nuclear CAT RNA
C18, pDM138, or pDM138-PRE, either by itself or with the indicated
of transfected DNA was held constant by using pUC18. The CAT RNA
38, because of the presence of the 575-base-long PRE. Note that there
seen in lane 1) that has been previously noted by others (Donello et
for cellular GAPDH RNA.ex (Re
ith pU
mount
pDM1
re; bestxpression plasmids are slightly different (Katahira et al.,
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303HEPATITIS B VIRUS PRE995; Roth and Dobbelstein, 1997). Therefore, it is pos-
ible that the TAgRex used by the other investigators has
ffects on the cell other than competition for leucine-rich
ES-mediated export. In any case, since we have shown
hat our TAgRex is functional in blocking Rev/RRE activity
nd that leptomycin B does not block PRE function, it is
ighly unlikely that the PRE pathway utilizes a leucine-
ich NES. Furthermore, our results concur with those of
tero et al. (1998), that PRE function is not blocked by
eptomycin B.
Much remains unknown about PRE-mediated RNA ex-
ort, and our results must be extended in the future by
nderstanding any role of GAPDH in PRE function and
dentifying the trans-acting cellular protein(s) that directly
ediates PRE function. Nevertheless, the fact that the
RE appears to use an export pathway distinct from
hose used by other viral elements makes it likely that
he PRE will provide a new window on mammalian RNA
xport pathways. Furthermore, the existence of multiple
athways increases the possibility that there would be
pecific inhibitors of PRE function that are not toxic to the
ost cell and hence can serve as novel therapies for
hronic HBV infection.
MATERIALS AND METHODS
lasmids
The plasmid pSV2CAT contains the SV40 enhancer/
arly promoter driving the CAT gene (Gorman, 1985). An
ntron is present to allow CAT RNA export. The CAT
xpression plasmid pDM138 was a kind gift from T.
arslow and contains the SV40 enhancer/early promoter
riving the transcription of a chimeric CAT/HIV mRNA
hat is not expressed at high levels unless an export
lement is present (Hope et al., 1990). The plasmid
DM128 is identical to pDM138, except that the RRE is
resent downstream of the CAT gene (Hope et al., 1990).
he plasmid pDM138-PRE contains the PRE downstream
f the CAT gene (Huang and Yen, 1995), while pDM138-
TE contains the CTE. The latter plasmid was con-
tructed by excising the CTE from p12S (courtesy of B.
elber) with XbaI and XhoI (Saavedra et al., 1997) and
lunt-end ligating it into the ClaI site of pDM138. The
lasmid pDM121 expresses Rev under the control of the
V40 enhancer/early promoter (Hope et al., 1990). The
lasmid that expresses NES-mutated Ran-binding pro-
ein 1 was obtained from B. Felber (Zolotukhin and Fel-
er, 1997), while the plasmid that expresses TAgRex was
btained from H. Shida (Katahira et al., 1995).
ransfection, CAT assay, and Northern blotting
HuH-7 human hepatoma cells were grown in Dulbecco’s
odified Eagle’s medium with 10% fetal bovine serum. DNA
ransfections were performed with the calcium phosphate
ethod in 60-mm plates (Gorman, 1985). After 2 days, theells were harvested for CAT assay or for Northern blotting.
n selected experiments, the cells were treated with lepto-
ycin B (courtesy of M. Yoshida) or an equivalent amount of
thanol as control, 24 h before harvesting. CAT assays
ere performed with the thin-layer chromatography method
Gorman, 1985). For Northern blotting, nuclear and cytoplas-
ic fractions were obtained by the method of Nevins (1980),
xcept that the cells were lysed by passing through a
2-gauge needle six times, and RNA was isolated with RNA
TAT-60, using the protocol recommended by the manufac-
urer (Teltest). For each sample, 10 mg of cytoplasmic RNA
nd 5 mg of nuclear RNA were electrophoresed on a 1%
garose–formaldehyde gel and transferred to a nylon mem-
rane (Sambrook et al., 1989). The membrane was first
robed for CAT RNA with the NotI to StuI fragment of
DM138 (Hope et al., 1990), labeled with [32P]dCTP by
ick-translation (Sambrook et al., 1989). After autoradiogra-
hy, the membrane was stripped of the probe and reprobed
or cellular GAPDH RNA with the labeled full-length cDNA
Tso et al., 1985), as internal control.
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